The ability to maintain isolated human islet preparations in tissue culture has recently been adopted by most islet transplant centers, and improves the safety as well as the practicality of islet transplantation. Maintaining islet viability and recovery, however, remains challenging in a clinical setting, due to stringent conditions required for culture. Islet culture is further complicated by the fact that islets do not form a monolayer. This review aims to clarify media, supplementation, and conditions that have been shown to be relevant to human islets, as well as to offer avenues of future research. Factors examined that may influence islet survival include base medium, glucose concentration, vitamin, inorganic ion, lipid, hormone, growth factor, amino acid, and binding protein composition and concentration, as well as culture temperature and seeding density. In addition, this article reviews novel techniques, such as coculture and matrices, that have been employed in an attempt to improve islet survival and functional viability.
INTRODUCTION
ture facilitates the option for shipment of islets between centers, providing an opportunity to regionalize the com-As a result of its recent success (111) , islet transplanplex islet isolation procedure within relatively few cGMP tation has become a viable option for the treatment of facilities. In addition, culture permits maintenance of istype I diabetes mellitus. After isolation from a donor lets while pretransplantation quality control tests are unpancreas, human islets may either be transplanted immedertaken (20). diately, or may be cultured for a period of time before
Although metabolic integrity of cultured human islets hand.
was first confirmed in nude mice in 1988 (103) , the cul-Culturing islets before transplantation has several adture of islets has been problematic and inconsistent in vantages over immediate transplantation. First, shortterms of islet survival and functional viability. As well term tissue culture may reduce the immunogenicity of as being subject to necrotic cell death (3, 17, 55) , islets islets (71, 73, 74, 102, 114) . Kuttler et al. found that longtend to lose their ability to respond to high glucose chalterm culture reduced CD45+ leukocytes in islets (71). lenge after long-term culture (39) . Islets, being small Endothelial cells, which are thought to play a role in "organelles," do not reproduce themselves, and genergraft rejection (108) , may be reduced in cultured islets ally do not form a monolayer in culture. Thus, many (32) . Moreover, pretransplantation culture can allow attraditional culture techniques that focus on improving tainment of therapeutic levels of immunosuppression bethe reproduction of cell lines are unsuitable for islet culfore islet infusion (101). Islet culture may facilitate islet ture. While islet grafts have survived long term in papurification if media composition is designed to maintients (65), islets die quickly in culture. For instance, tain islets while suppressing exocrine survival. Further-Brandhorst et al. reported that only 45 ± 4.8% (mean ± more, islet transplantation is currently restricted to a SEM) islet equivalents (IE) were recovered after 18 days small number of centers, and the ability to maintain isof culture at 37°C (17). Ilieva et al. reported that 20.6 ± lets over a period of days allows time for distant patients 3.0% of islets developed central necrosis after 12 days to travel to the center for the transplant procedure. Culof culture (55) . Central necrosis in islets is thought to be due to oxygen limitations (92) , most likely in oxygen culture is not always relevant, but simply a guide from which to proceed with human islet culture, when find-delivery to central tissues of the islet. Although there has been substantial research attempting to optimize islet ings on human islets are unavailable. culture, it is clear that current culture techniques could MEDIA/SUPPLEMENTATION be further improved (79) .
Media Requirements Benefits and risks aside, islet culture before transplant has become a standard practice in many clinical There are certain basic requirements of pretransplantation islet culture media. Although islets are typically programs worldwide. The aim of this review is to clarify the supplementation (see Table 1 for summary) and con-transferred into a different medium for transplantation, there is still a risk of culture media residue that may be ditions required to successfully culture human islets before transplant, as well as to explore opportunities for unsafe to the patient. The addition of xenoproteins in the culture medium could be associated with xenozoonotic future research. Although some review papers have been published on the culture of pancreatic islets, most nota-infection. The addition of fetal calf serum (FCS) to culture is extremely beneficial to islets; Ling et al. reported bly that by Clayton and London (26) , none have focused in optimizing culture conditions for transplantation in that there was a 47% increase in cell survival with addition of FCS to the culture media for rat islets (77) . Yet the current era. It should be noted that much of the work done on islet culture has focused on rodent and porcine because of the risks associated with transplantation of xenoproteins, FCS is no longer being used for the cul-islets. The application of these findings to human islet ture of human islets intended for transplantation into im-1066 as a culture medium for human islets (59) . Though other studies have been undertaken comparing commer-munosuppressed patients. Many supplements are only offered commercially in a form derived from animal cial media for rodent and pig islets (3,31), few have been done studying the effect of various commercial sources, complicating the logistics of clinical islet culture.
A second requirement of an islet culture medium that media on human islets. Fraga et al. used CMRL 1066 when comparing serum-free and serum-supplemented is being used for transplantation is that it must have fully defined constituents that are determined to be of low media, and were able to maintain islets for 2 months with 65% recovery (39) . CMRL 1066 was originally de-risk to the patient. Again, FCS, being relatively undefined in composition and consistency from lot to lot, is signed for use with fibroblasts and kidney epithelial cells (84) . not currently being used in culture media for transplantation. Not only must the medium be defined and serum Glucose free, but some defined supplements, such as growth hormone, must be limited. Human growth hormone in-D-Glucose is required by all human cells for the production of ATP, while it is particularly important to is-creases insulin secretion in human islets (19) , but is not currently being used in clinical islet transplantation.
lets because its concentration is an important determinant of the secretory level of insulin. Andersson, in A third requirement of the culture medium is that it must contain a low concentration of antibiotics, or none 1974, found that high concentrations of glucose (28 mM) depleted insulin content in rat islets more quickly at all. With the advent of resistant strains of bacteria, the lab culturing the islets has the ability to unknowingly than low concentrations (3.3 mM) (5). In 1978 Andersson ascribed RPMI-1640's success in culturing rat islets coculture a resistant strain of bacteria that would then be transplanted into the patient. Risks such as allergies in part to its 11 mM glucose level (3). Ling et al. asserted that D-glucose levels have a profound effect on to antibiotics like penicillin must be carefully considered when choosing the optimal antibiotic. the viability of rat β-cells (77); when pancreatic non-β endocrine cells were cultured, altering concentrations of Base Media medium D-glucose had no effect on viability. They found the optimal concentration of D-glucose to be 10 Of paramount importance to culture media is the base medium to which supplementation is added. Rather than mM for rat β-cells (77) . However, all of these studies were undertaken with rat islets. On the other hand, design an entirely new medium for islet culture, most groups have adopted commercial media, thus cutting Holmes et al., in their study concerning commercially available media, determined that CMRL 1066 with a costs and saving time and energy. Holmes et al. examined the culture of rat, porcine, and human islets in com-concentration of 5.5 mM glucose was a better medium for human islet culture than RPMI-1640 (51). Eizirik et mercial media, including RPMI-1640 (11 mM glucose), RPMI-1640 (2.2 mM glucose), Dulbecco's modified Ea-al. reported that human islets cultured at 11 or 28 mM glucose had 40% or 60% lower insulin content than is-gle's medium, Medium 199, CMRL 1066, Iscove's modified Eagles medium, Waymouth's medium, Serotec lets at 5.6 mM glucose, as well as having higher insulin response at 5.6 mM glucose (33) . serum-free medium, and Ham's F-12 (51) . While morphological and membrane integrity assays did not dif-Both low and high concentrations of glucose decrease glucose sensitivity in islets. Andersson et al. described, ferentiate between the 10 media, the stimulation index revealed some significant differences between media.
in 1976, a loss of glucose sensitivity when islets were cultured in low glucose (3.3 mM) solution; however, After further testing with the three best media, they found that human islets cultured in CMRL 1066 had a glucose stimulation could be regained if islets were then cultured for 2 days in high glucose solution (4). At 61 significantly higher stimulation index than those cultured in RPMI-1640 ( p = 0.001) and those cultured in mM glucose, morphological and functional alterations of islets due to long-term culture were found to be accel-Ham's F-12 ( p = 0.002) (51) . They concluded that the optimal medium for human islet culture was CMRL erated (94). In addition, Eizirik et al. described decreased rates of glucose oxidation, proinsulin biosynthe-1066, and that there were different optimal culture media for porcine, rat, and human islets. They attributed sis, and total protein biosynthesis in islets cultured at 28 mM glucose compared with islets at 5.6 and 11 mM CMRL 1066's success to its high concentration of nucleotide precursors, which enhanced glucose response, glucose (33) .
Finding an optimal concentration of glucose is ex-as well as to its ascorbic acid concentration; ascorbic acid inhibits β-cell depolarization (13), and thus may be tremely important for the maintenance of islets in culture, as both high and low concentrations of glucose can important for regulating insulin secretion in islets. This study followed a similar one by James et al. that came have harmful effects on islets. While studies with rodent islets have revealed an optimal concentration of around to comparable conclusions about the efficacy of CMRL 10 or 11 mM glucose, studies directly pertaining to hu-concentrations never exceed 150 µM even if one's intake is 40 times that amount (13). The human body has man islet culture have determined that the most advantageous concentration of glucose for human islets lies the ability to closely control ascorbic acid levels, and ascorbic acid is considered safe even in large quantities around 5.5 mM.
because its homeostatic control is very effective (105), Vitamins and residual ascorbic acid in the transplantation medium is therefore considered low risk. Ascorbic acid is a good Several groups have examined the benefit of a few different vitamins on islets. The most significantly stud-supplement for islet culture with the goal of clinical transplantation in concentrations below 200 µM. ied is nicotinamide, a derivative of the B vitamin niacin, which is nontoxic (95) and has very potent impact on α-Tocopherol (vitamin E) improves islets' resistance to NO when islets are preincubated in a medium con-improving islet viability and function. It has been shown to prevent necrosis in islets; Hoorens and Pipeleers taining it (121) . The most common physiological role of α-tocopherol is as an antioxidant, scavenging free radi-found that nicotinamide (2-5 mM) was able to protect human β-cells against hydrogen peroxide-induced ne-cals (37); islet tissue is particularly susceptible to damage by reactive oxygen species (44, 81) . α-Tocopherol crotic cell death, and rat β-cells against streptozotocin and hydrogen peroxide-induced necrosis, although it limits the propagation cycle of lipid peroxidation induced by iron and ascorbate (122) . At a concentration was unable to protect against cytokine-induced apoptosis in either case (52) . It should be noted that high con-of 116 µM, Tajiri and Grill found that α-tocopherol enhanced glucose-stimulated insulin release for rat islets centrations of nicotinamide (20 mM) resulted in apoptotic cell death in rat islets, but not in human islets (52) .
in vitro, but that the beneficial effects were lost after 3 weeks in culture (117) . α-Tocopherol poses a low risk It has furthermore been found to increase differentiation of endocrine cells in culture in fetal pancreases (89, to the patient; it is commonly taken orally as part of multivitamins. Its antioxidative properties make it a suit-91,109). At a concentration of 2-5 mM, nicotinamide inhibits poly (ADP-ribose) polymerase (PARP) in rat is-able supplement in low concentrations for clinical culture media. However, Winter et al. found that a com-lets (120) . When activated, PARP decreases the level of nicotinamide adenine dinucleotide (NAD) (120), thus bination of vitamins A, C, E, and selenium was not effective at preventing NO toxicity or radical-controlled lowering cell metabolic levels at times to the point of death; nicotinamide's inhibition of PARP thus helps pre-damage to rat islets transplanted into mice, although administration of vitamins C and E improved functional vent cell death. Nicotinamide furthermore prevents islet cell lysis induced by nitric oxide, according to Kallmann islet graft survival, related to increased islet engraftment (126). (63). Nicotinamide increases the DNA content in both fetal and adult pancreatic cells, although in the latter Vitamin D 3 may help preserve porcine neonatal islets, due to its antioxidant effect (80) . It further activates Ca 2+ it seems to inhibit insulin release (89) . Nicotinamide is therefore an ideal compound to add to culture media for handling and cAMP-dependent exocytosis, and thus has a mediatory effect on insulin response in rat islets (14). clinical purposes, because of its myriad of benefits in optimizing the environment for islets.
Rats expressing an inactive mutant form of the vitamin D receptor were unable to respond adequately to glucose Ascorbic acid transiently inhibits β-cell depolarization (13), and thus may have a modulatory role in glu-challenge, furthering the hypothesis that D vitamins are important for insulin synthesis and secretion (130). In cose sensing. Parsey and Matteson found that ascorbic acid inhibited β-cells' slowly deactivating calcium chan-trace quantities, it makes an appropriate supplement. nel, which is similar to T-type channels in other cells Inorganic Ions (93) . Islet cells contain a 40-fold concentration of ascorbic acid when compared with interstitial fluids, and Increased levels of certain inorganic ions could improve clinical islet culture conditions. Calcium is impor-very high concentrations of ascorbic acid (200-400 µM) inhibit insulin secretion (13). The concentration of ascor-tant for insulin secretion. As intracellular glucose levels increase, ATP is produced in increasing quantities, stim-bic acid present in CMRL 1066, approximately 280 µM, is sufficient-perhaps even too high. Vitamin C is thought ulating the increased closure of ATP-sensitive K + channels, which thus raises intracellular K + levels (9). As a to interfere with lipid-soluble molecules of vitamin E, and thus regenerate oxidated vitamin E, restoring its result, the cell membrane is depolarized, opening voltage-dependent Ca 2+ channels and allowing Ca 2+ influx; antioxidative functions (126). It should be noted that ascorbate in the presence of Fe 3+ has been associated this influx triggers exocytosis of insulin-containing granules (9). Residual calcium in the transplantation me-with the induction of lipid peroxidation (72). Physiological monitoring in humans has shown that ascorbic acid dium likely poses little threat to a patient. Calcium would be a suitable supplement for clinical human islet membrane integrity and reduce insulin content in insulinproducing cells. Hoftiezer et al. found that an insulin-culture media, though an optimal concentration needs to be elucidated.
producing clonal cell line from rat islet tumor tissue (RINm5F) had a higher percentage of cells that stained Another potentially useful inorganic ion for islet culture with the goal of transplantation is selenium. Kuma-with trypan blue in a medium containing 73 µM zinc than at lower concentrations (50) . At 44 and 73 µM moto et al. determined that an optimal medium for culturing Syrian Golden Hamster insulinoma cells con-there was a 40-60% decrease in cellular insulin content. Kim et al. found that human islet cell damage occurred tained selenium (70) . Fraga et al. reported in 1998 that they obtained a significantly better ( p < 0.01) percent re-in a dosage-dependent manner as a result of zinc (66). Because zinc is deleterious in higher concentrations to covery of islets when cultured in a serum-free medium containing insulin-transferrin-selenium (ITS), linoleic islets, it should not be used in any significant concentration as a supplement, but rather in very small quantities acid, and bovine albumin in CMRL 1066 compared with a medium containing FCS in CMRL 1066 (39) . Sele-to maintain insulin storage. nium is known to be an important part of antioxidants Lipids such as Selenoprotein W (116) 21), not all of which may be active in islets. Although selenium is well known to be part of antioxidant en-phospholipid membranes of the endoplasmic reticulum, Golgi apparatus, and nuclear and cell membranes. Ara-zymes, its potentially beneficial effect on islet culture is not well documented, with the few results being in con-chidonate is present in significant quantities as a membrane phospholipid in islets (119) . Furthermore, arachi-flict. Selenium-based pharmacological agents are thought to have some anticancer properties (82) ; at least in trace donic acid is thought to contribute to intracellular Ca 2+ regulation in islets (127); in the cell membrane it is be-quantities, selenium seems to clinically safe, and may thus make an apposite supplement for clinical human lieved to amplify the rise in β-cell intracellular Ca 2+ through voltage-dependent channels, and thus amplify islet culture.
Contractor et al. have found that magnesium, a com-insulin secretory response to small variations in glucose concentration (118) . Arachidonic acid could thus be a ponent of University of Wisconsin (UW) solution that is a cold storage solution commonly used for pancreatic useful supplement in that it may help to maintain islet response to glucose challenge. tissue, inhibited collagenase digestion of human pancreases (28) . In the context of islet culture, magnesium may Fatty acids are thought to be important to the growth of cells in culture, especially when bound to serum albu-have some use as a supplement for the inhibition of residual collagenase from digesting islet intercellular min (128) . According to Rizzino et al., some cell lines require linoleic and oleic acids to survive in culture matrix during culture, thus protecting islets from fragmentation. Furthermore, Ziegler et al. showed that mag- (106) . Fraga et al. found that a serum-free culture medium containing linoleic acid and other supplements was nesium at 5.3 mM helped to preserve biosynthesis, content, and secretory response of cultured rat islets after able to preserve islets better than a medium with FCS (39), although this is not universally accepted. Fatty acid 12 days of culture (134) . Magnesium, especially in the presence of glutamate, activates acetyl-CoA carboxyl-supplementation has proven to be a useful additive to the culture of some cell lines. Hart et al. concluded that ase, which catalyzes the creation of malonyl-CoA; malonyl-CoA is a precursor to long-chain fatty acids that are the addition of cis-vaccenic acid to pulmonary artery endothelial cells in culture helped to prevent oxidant injury involved in insulin secretion (69) . Magnesium is involved as a cofactor in over 300 enzymatic reactions, up to 72 h after supplementation (47) . Yet the addition of lipids to islet culture media can have severe repercus-and is the second most abundant intracellular cation (100). The addition of magnesium to the culture medium sions on islets. Zhou and Grill found in 1994 that exposure of pancreatic islets to free fatty acids for 48 h re-is considered of low clinical risk. Further experimentation is required to determine magnesium's effectiveness sulted in inhibition of insulin secretion by 30-50% and proinsulin biosynthesis by 30-40% upon stimulation of as a human islet culture supplement.
Zinc plays an important role in insulin production; the islets with 27 mM glucose (132). They later confirmed the inhibitory effect of fatty acids on β-cell func-proinsulin forms a hexamer with zinc (34). Foster et al. found that beta granules contain a high concentration tion (131) , and found this effect to be associated with increased islet triglyceride stores as well as an inhibitory of zinc (38) and, as a result, zinc-chelating dithizone is commonly used as a stain for islets (23) . Yet high effect of fatty acid oxidation on glucose metabolism (133). Shimabukuro et al. reported that free fatty acids concentrations of zinc in media can both compromise induced apoptosis in Zucker diabetic rat islets in vitro residual quantities of these factors on the patient. IGF-I has, however, been administered in clinical trials to treat by raising levels of ceramide, a messenger in cytokineinduced apoptosis (112) . In addition, low-density lipo-head injury with some success (48) . Hepatocyte growth factor (HGF) helps to maintain protein can cause death to pancreatic β-cells (27) ; it is believed to be oxidized intracellularly, a process associ-the viability and basal insulin secretion of islets in culture (7). HGF has furthermore been associated with fetal ated with the accrual of phospholipid, cholesterol, and cholesterol-ester-derived hydroperoxides (43). mesenchyme-induced β-cell growth (90) , and its transgenic overexpression in β-cells improves islet function It is therefore controversial as to whether media should be supplemented with lipids. On the one hand, they may (42). Beattie et al. found that islet mass could be increased when islets were cultured with growth factors, including improve membrane stability among other things, but on the other hand, lipids may impair islet function. If lipids HGF and kaposis fibroblast growth factor, in a fibrin gel (10). HGF seems to have some beneficial effect on islets are added, they should be used at extremely low concentrations.
in culture, and may be useful as a supplement. Nerve growth factor (NGF) has recently been shown Hormones and Growth Factors to promote islet survival in vivo, when delivered alone or with vascular endothelial growth factor (VEGF); this Hormones are important because they replace factors that would be present in serum, but that are lacking in a growth factor treatment is thought to have some benefit on autonomic reinnervation and islet integrity and sur-serum-free medium (8). In addition to stabilizing function, they may have future potential in inducing prolifer-vival posttransplantation (99) . These factors may be useful additives to the transplantation medium to promote ation of islets for transplantation. Insulin is a hormone that was determined to be important to all cell lines stud-islet survival. Coadministration of gastrin and epidermal growth ied by Barnes and Sato (8). It may furthermore have some beneficiary effects on porcine islets in culture, al-factor (EGF) induces β-cell neogenesis in adult diabetic rats (16); the application of these factors to culture may though the same study on human islets lacked a significant difference in glucose-stimulated insulin production increase β-cell mass and functional viability. Several other factors may prove to be important to relative to concentration of insulin in the medium (25).
Clayton et al. attributed this to donor variables present
islets in vitro. A study by Date et al. showed that ghrelin, a growth-hormone secretagogue, stimulates insulin in human pancreases (76) that were not present in pig pancreases (25) . Insulin stimulates the growth and pro-secretion and increases cystolic free Ca 2+ concentration in β-cells (30) . 17β-Estradiol may protect human islets liferation of various somatic cell lines, especially upon synergistic interaction with other hormones (115) . Fraga against proinflammatory cytokine-induced apoptosis in vitro (29); whether or not these cytokines are significant et al. found that the addition of insulin along with other supplements improved extended culture of islets (39) .
in clinical culture conditions is a different ordeal. Many hormones may aid islet survival in culture, but the appli-Insulin is a suitable supplement for clinical islet culture (1, 2) . cation of these hormones could be difficult. The human endocrine system is a network of tightly controlled Insulin-like growth factors (IGFs), also known as somatomedins, have important physiological roles; both chemical signals, and even residual hormones present in transplantation media may have a detrimental effect on IGF-I and IGF-II are important for the differentiation of cells, while IGF-I is a significant factor in connective the patient. In addition, costs associated with the addition of some hormones to the medium may outweigh tissue growth and IGF-II is involved in cell repair mechanisms (40) . IGF-I is present in the pancreas (46) . Ilieva their potential benefits. et al. placed islets in media conditioned with ductal Amino Acids cells, which contain IGF-I (113), and found a decreased rate of mantle disintegration in islets cultured in ductal Some amino acids, in increased concentrations, may to be beneficial to islets. For instance, L-leucine was cell-conditioned medium (54) . They proposed that growth factors secreted in the medium from the ductal cells may found to increase insulin mRNA levels in mouse islets (125) . Furthermore, during islet isolation, 1 mM gluta-be responsible for increased viability. IGF-II acts as a survival factor for rat islets, and protects neonatal rat mine in the presence of 11 mM glucose helps preserve islets' ability to regulate protein O-glycosylation (68). islet cells against cytokine-induced apoptosis in vitro (96) ; islets benefit from the addition of IGF-II to culture This observation could perhaps be applied to preserving islets in culture; O-glycosylation has been linked to islet media (55) . IGFs may be good supplements for islet culture. A concern with the addition of hormones or growth apoptosis in vivo (78) . In addition, deficiency in methionine, isoleucine, or tryptophan induced apoptosis in cul-factors such as IGFs is the possible adverse effects of tured PC12 cells by consequent ceramide accumulation combat this possible detrimental effect. One of such inhibitors is aprotinin. Another effect of aprotinin in vivo and caspase activation (129); a similar effect may be expected from islets in the same conditions. must be taken into account; it has been used to limit postoperative bleeding (11). Therefore, in certain pa-Cysteine is an important amino acid for the prevention of oxidative damage in islets. Rasilainen et al. found tients it could increase the risk of thrombosis. In residual quantities and with proper patient management, aproti-that the addition of 1 mM cysteine to a medium containing hydrogen peroxide resulted in effective protection of nin could make an appropriate supplement, if the amount of residual enzyme typically present in transplant prepa-RINm5F cells from oxidative injury (98). On the other hand, 0.1 mM cysteine was not sufficient to protect the rations is quantified. Pyruvate is transiently metabolized by islets (107), islets, while 5 mM cysteine was toxic-an effect that may be attributed to an increase in intracellular glutathi-and because it does not simulate insulin secretion, it is a good alternate mitochondrial fuel that does not cause one, the synthesis rate of which is dependent on cysteine's accessibility (98). Glutathione is a free radical the β-cells to utilize resources in insulin production. It would make a good supplement for clinical islet culture scavenger (60) , yet is unable to cross the cell membrane into cells (83) . The supplementation of culture media because it is has been proven to be beneficial to islets in culture (15), and probably presents a low risk to the with cysteine is a good method of increasing intracellular glutathione.
patient.
Heparin is routinely added to the islet preparations Binding Proteins immediately before transplantation, due to its role in preventing thrombosis. Furthermore, it limits β-cell death Some proteins are important as they bind to factors in the medium, and among other things may increase due to low-density lipoprotein (27) , and has a protective effect in reducing the instant blood-mediated inflamma-absorption or lower toxicity of this factor. Transferrin is a binding protein that is most likely important to islet tory reaction (IBMIR) (12). survival. Barnes and Sato described the importance of CULTURE TEMPERATURE transferrin for most cell lines as a stimulatory factor due to its iron binding properties, when serum concentra-
The temperature at which to culture islets to best maintain viability and recovery is an issue that has long tions are lowered (8). Clark and Chick concluded in a study in which they developed a serum-free medium been debated. Two major contenders remain standing: the first is culture at low temperature (i.e., 22-24°C), containing transferrin that this medium could maintain adult islet cells as well as islet cell lines (24) . Fraga et while the second is high temperature (i.e., 37°C). Culture at 22-24°C decreases the level of necrotic cell al. have had success culturing human islets for extended periods of time using a serum-free medium containing death in islets (32, 88) . This can be attributed to a lowered metabolic rate at temperatures below 37°C (3,35). ITS, a commercial supplement (39, 41) . A similar medium has been successful in clinical culture (1, 2, 101) .
Furthermore, culture at 22-24°C may increase islet recovery (17,75,110). For instance, Lakey et al. described Because albumin binds to lipids, it solves the problems of free lipid solubility and toxicity (8). Albumin is a recovery of 72.5 ± 5.3% at 22°C compared with 54.8 ± 4.4% at 37°C after 24 h of culture (75). Low-tempera-important to islet culture most likely because of its binding properties. In a clinical environment, human albumin ture culture is believed to reduce the immunogenicity of islets (36,102,114), though de Graaff et al. found that must be used, as bovine albumin does not fulfill the requirement of a xenoprotein-free culture medium. Al-endothelial cells, known to be involved in graft rejection (108), were more depleted in cultures at 37°C. de Graaff though different groups may claim that particular concentrations of albumin are most beneficial, more formal et al. further reported that islets cultured at 24°C possessed a better morphological structure than islets cul-experimentation is required to make this determination. tured at 37°C. Scharp et al. reported that purified human Other Supplementation islet preparations remained functional and morphologically intact after culture at 24°C for 7 days (110) . In There are many other supplements that may be important to islet culture; islet cells, like most eukaryotic addition, residual enzymes in culture would have decreased activity at lower temperature. On the other hand, cells, require a complex environment to survive. Islet culture may be complicated by possible residual pres-other groups have concluded that culture at low temperature results in the disintegration of the mantle periphery ence of proteases from the digestion phase of islet isolation (18); these enzymes can degrade the collagen ma-of islets (17, 54) . Moreover, Ilieva et al. found that islets cultured at 24°C exhibited increased apoptosis (54) . trix of the islet, causing fragmentation and death. The addition of protease inhibitors to culture media may Some groups have asserted that low-temperature culture may cause the degranulation of islets or result in im-microenvironment for the islet in culture, thus limiting anoikis. One of these methods includes the use of matri-paired insulin production (17, 35, 57, 88) .
In vitro culture at 37°C has some advantages. For ces. It is thought that the destruction of the extracellular microenvironment of the islet during isolation plays a instance, Brandhorst et al. concluded that high-temperature culture results in islets with higher viability and part in the impaired survival of β-cells postisolation (104, 123, 124) . Numerous studies have described in-higher insulin content, secretion, and dynamic response to glucose than culture at 22°C (17). On the other hand, creased islet survival and/or insulin secretion with the use of matrices (10, 85, 87, 104, 124) . The beneficial effect Ono et al. and de Graaff et al. both reported a higher rate of necrotic cell death at 37°C (32, 88) , most likely of extracellular matrices on islet survival in vitro may be due to integrin-matrix interactions. Integrins, ex-due to the higher metabolic requirements of islets at 37°C than lower temperatures (35). While low-tempera-pressed in human, hamster, canine, and porcine islets, interact with matrix proteins, provide physical adhesion, ture culture may result in the disintegration of the islet mantle, high-temperature culture results in necrosis. Per-transduce extracellular stimuli into various intracellular signals, and thus regulate events such as differentiation, haps the best course of action to most efficiently maintain human islets in culture for transplantation is to use cell growth, and cell survival (123) .
In the pancreas, the extracellular matrix is composed a combination of these two temperatures. Because the effect of either temperature on islets has been estab-of interstitial matrix and basement membrane, the latter of which is composed of fibronectin, laminin, and colla-lished, future experimentation should focus on combining these two temperatures to improve the yield and via-gen IV and V (56) . In a study of fetal mouse β-cell differentiation, Jiang et al. concluded that collagens I bility of islets. Our laboratory has adopted culture at 37°C followed by culture at 22°C in an attempt to gain and IV inhibited cell survival, fibronectin had no effect on survival, and laminin-1 promoted β-cell differentia-the advantages of both temperatures, a concept that was first developed by Jahr and colleagues in Giessen, Ger-tion such that β-cell numbers were increased 60-fold while total cell number remained stagnant (62) . Although many (58) .
it seems that the use of an extracellular matrix in islet SEEDING DENSITY culture for transplantation would be beneficial, there is a major limitation to such a system: islets stick to the The density of islets in culture is an important determinant of islet survival, yet has been the subject of little matrix, making it difficult to retrieve them for transplantation. Research needs to be done to determine what dis-research. Gaber et al. stated that islet density may be related to necrotic death (41). At high densities, rat βsociation factors can help to remove islets from an extracellular matrix without compromising the viability of cells are subject to nitric oxide-dependent necrosis induced by interleukin-1β (53) . Although lower density the islets. Another novel approach to culturing islets is the co-culture may be beneficial to islets, the effort required in plating out the islets could limit this method. Research culture of islets with other cell types; islets require signals to and from other parts of the pancreas for survival is needed to determine the effect of different culture densities on islet viability and yield, taking into account (97) . Ilieva et al. cultured islets with ductal epithelial cells embedded in a collagen matrix, and found that after purity as well as islet count. Our group (Edmonton) typically plates out islet cultures at 1000 IE per ml culture 12 days in culture, islets in coculture were less apoptotic than islets cultured alone (55) . Furthermore, they cul-media.
Closely related to the seeding density of islets is the tured islets in medium conditioned with ductal cells for 3 days at 37°C, and had similar results to coculture. The container in which they are cultured; islets may be cultured in petri dishes or flasks, either of which may be same group did another similar study (54) . According to Kaufmann et al., islets stimulate hepatocytes in vitro treated or untreated. The problem that arises with treated flasks is that some islets may attach, creating a risk of (64); Jara-Albarran et al. cotransplantated islets with hepatic cells, and suggested that hepatic cells might have fragmentation in their removal for transplantation. Furthermore, the use of centrifuge tubes for storage leads some beneficial effect on islets (61) . The coculture of islets with other tissues is advantageous as it results in to severe oxygen limitations and cell damage (92); a thinner culture depth is required to facilitate oxygen de-dynamic concentrations of hormones and other signals at physiological levels. It lowers the risk of superfluous livery.
concentrations of factors that may be harmful to islets NOVEL APPROACHES TO CULTURE:
or the patient. This approach is however limited by the MATRICES AND COCULTURE required repurification of the islets after culture, which would possibly cause cell death. Although the use of a A number of novel approaches have been developed recently including the creation of a more physiological tissue-conditioned medium, as reported by Ilieva et al. Improving methods and supplementation of islet cul-(HGF) on adult islet function in vitro. Pancreas 26:103ture is important for islet transplantation. In addition to 104; 2003. reducing the immunogenicity of islets (71,73 
